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ABSTRACT 

Detailed methods are described for the sorting and cell 

cycle synchronization by means of c ntrifugal elutriation of 

an established mous U:ver epith lial cell line(NNuLi). In 

a compa ison between three different elutriation media and 

between two diff ren temperatures(4° and 20° C) 1 the NMuLi 

ells were found to be most reproducibly sorted in the cell 

cycle when run in growth medium in the absence of serum nd 

at the lower temperature. Und thes conditions. and using 

decrements of rotor sp ed calculat d from an empirical 

derived algorithm as described in the text an initially 

asynchronous popu ation(38% c 1 • 36% S, and was 

sorted into fractions enriched 7 r:w 
J to S, and 

Of the cells loaded into the rotor, 30% were lost 

50~~ 

in 

the elutriation pro ess, and about 20% recovered as aggre 

gates. The remainder appeared in the various synchronized 

fractions. Epithelial cells sorted in this nanner demon-

strated no loss of viability, and upon replating showed sig-

nificant movement in the cell cycle by 6 hrs post elutria-

The degree of synchronous movement through the cell 

cycle achieved by elut iation depended on the part of the 

cell cycle from which the original elutriated fraction came. 

Cells collected as late S and G2 t1 moved through the cell 

cycle with the tightest sychrony. 
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INTRODUCT ON 

Th m:U:o t1 ycle of cells s the fo us fo a gre 

v ri ty of studi s n cell biology, ranging f om the cant ol 

of ce lula.r p iferatio t mut tion and heredi y(Mit bison 

(1971)). In many cases the ab lity to synchronize large 

,-:;el populat ons in various cell cycl phases is vital to 

he study~ 5 h b ar:1ply discuss d by pr v 011 

authors(Meist i. h Heyn~ an.d Barlog:I .. e ( 19 7 7) ; H tchell and 

Tupper In our studies of the action of chemical 

care nogens upon the mitotic yc 1 of the mouse llver 

epithelial cell 1ine 1 NMuLi, we have sought a way to obtAin 

synchronous o cell cycle phase enriched population of 0.5 

LO X 
8 10 cells for various bio hemica stud:Les 

(Becker and BartholoQew(l979)). Meistrich et al. (1977) and 

Mitchell and Tupper (1977) showed that elutriation centrifu 

gation provides r.easonably good synchrony with minimal per 

turbation of cellular functions in the process. and for 

the e reasons we have chosen to implem nt an improved elu 

triat.ion c :n rifuga on syst m o our NHuL ell • To our 

knowledge this is h first adaptation of elutriation cen-

trifugation to ep thelial cells. 
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HETHODS 

Monolaye cultures of the established epithelial cell 

line NHuLi, derived from the livers of Namru mice by Owens 

et al.(l974), were seeded in 100 mm culture dishes(Falcon 

Plastics, Oxnard, Calif.) in Eagle·s Minimal Mediuo(GIBCO, 

Grand Island, n. Y.) I denoted here as HEH, with 10% dono 

calf serum (Flow Laboratories. Rockville. MD). and allowed 

to reach saturation density(l.3 x 10 5 cells per cm 2 ). At 60 

hrs prior to elutrlation. the cell were transferred a a l 

to 10 dilution into roller bottles (Falcon Plastics, Oxnard, 

Calif.). Transfer of cells from the dishes was done by 

washing the monolayers once with saline GH(l.S mH Na
2

HP0
4

, 

1.1 mM KH 2 Po 4 • 1.1 mM glucose. and 0.14 M NaCl, at pH 7.4) 

followed by trypsinization for 3 min at 37° C with 

DISPO(saline GM containing 0.5 mM EDTA and 0.1 mg/ml cry-

stalline trypsin(GIBCO, Grand Island, N. y 0 ) 0 Trypsinized 

cells were removed from the surface of the dishes into NEUT 

(saline GM containing 6.3 mM Mgso
4

• 1.1 mM Cac1
2

• 0.2 mg/ml 

soybean trypsin inhibitor(GIBCO), Q.Ql mg/ml 

DNase(Worthington 1 Freehold, N. J.). and Q.l% boVine serum 

albumin(Sigma, St. Louis, Mo.). 

For elutriation, medium was aspirated from 8 roller 

bottles and the .cells were washed once with saline GM and 

trypsinized as described above to yield 6.0 x 10 8 cells in 

40 ol of suspension Mediu~ for loading into the elutrintor. 
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t d ng ell he lut a ion y 

flushed with 70% ethanol followed by rinsing with sterile 

uspens n medium. 

The Beckman JE-6 elut ia r ro or and associat d J -~21 

o med the heart of the system illuutrated in 

Th ntrifug rotation spe d control modi 

f :led to u e a en turn po ent meter for gre ter p eel ion, 

as we has to use decrements of rotor sp d as the means of 

;cemoving sub-populations from th separation ch er. Cfdl 

suspension medium was continuously driven through the system 

by peristaltic pm.1p(Cole Parmer l·Iaste:eflex 9 with 7014 head), 

and the sa~ple was loaded through a post-pump valve at 10 

ml/min via a syringe drive(Drion Instrumeuts, Cambridge, 

Mass.). Fluid from the pmup passed through a bubble trap 

prior to t aversing a triflat flow rueter (5-60 ml/min range, 

Manostat, New York, N. Y.), from which it passed directly 

into the elutriator rotor. The bubble trap also served to 

damp out he peristaltic p essure va lations. 

on exit from the rotor, fluid passed through a .3ech 

man DB Spectrophotometer equipped with a custom-built 4 m 

pathlength flow cell capable of sustaining f 1 O\v ates in 

exc ss of 500 ml/min (for flusing purposes). At an JlluuLi 

nation wavelength of 600 nm 1 the optical detection sys tern 

:ily sensed cells emerging from the rotor in oncentra 

tions of 2.0 x cells/ml or A valve i: hen 
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enabled either collection or disposal of the effluent, the 

desired subpopulation being aseptically collected via a spe

cially designed sterile transfer assembly(Figure 2). 

Cells were routinely loaded with rotor speed set suffi 

ciently high (typically 3500-4000 revolutions per minute for 

a counterflow rate of 25 nl/min) to minimize the washing out 

of whole cells. Speed decrements began from this initial 

loading condition and the spectrophotoneter was adusted to 

100% transmittance under these conditions. The set of speed 

decrements for obtaining the desired cycle phase enri~hments 

in the fractions was determined by a modeling routitie, 

described below. calculated during the experiment by means 

of a· programmable calculator. 

3. DNA 

Cell cycle distributions of all cell populations. both 

before and after elutriation 1 were obtained by staining the 

cells using the propidiurn iodide technique described by 

Crissman and Steinkamp (1973) and analyzed in a flow cytome-

ter (Holm and Cram (1973)). A Spectra Physics Model l 7 1 

argon ion laser provided a 2.0 watt excitation beam at 488 

nm wavelength. Individual histograms were normalized t:o 

constant total cell count, and gain-shifted to place the G
1 

peak mode in channel 100. to facilitate visual comparison. 
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cy 1 nr:tchment 
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RESULTS 

n NHuL:L c.ells 

requ:Lred h t 

showed that good cell 

the ell u pended in 

0 old(4 C) growth medium without e r ut:t. Po or results were 

obtained for samples of less than 1.5 x 10 8 or mo e than 8.0 

0 

0° cells so this range was used in our exp riment 

Of h ells o ded into th :roto abl to 

a coun r· r: only including om hat sho ed 

up as aggregates in the last fraction collected. Reconsti 

tuted experiments. in which equal volumes of ea h fraction 

were pooled to reconstruct the initial pre elutriated popu~ 

lat tln, revealed no cycle selectivity in loss of cell d ur 

ing the elutriation process. 

Examination of elutriated fractions by microscope 

show d them to be virtually free of cell aggregates and 

deb is, indicating another advantar;e of the tdutri.ation 

technique; :t.e. ~ 11 clean upn of the sample populations. DNA 

histograms of collected fractions consistently shocved far 

le s lo'\v channel noise (debris) than their pre elutriation 

parent populations, and much less evidence of aggregates was 

apparent in the respective histograms. Cellular debris was 

easily detected by the spectrophotoiJeter when 260 nm illumi<~ 

nation used, and the effluence of debris consistently 

occurred at rotor speeds far too high to permit the exit of 

whole c e 11 s , and s u b s ide d w i t i1 in 1 0 to 1 5 1:11 n a f t e r a 11 t 11 c 

sample cells had been loaded :i.nto the chambers Ni.c.ro eopic. 
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examination of this collected effluent revealed a large 

assortment of cellular fragments, which go virtually 

undetected at 600 nm because the suspended particles are too 

small to significantly scatter light at th~se wavelengths. 

From one trial to the next~ G1 cells (the first signi

ficant fraction detected) eluted from the rotor at varying 

sedimentation rates equivalent to 5-9 mm/hr at unit gravity. 

reflecting volumetric or density variations which we found 

difficult to control experimentally. However. the ratio of 

G2M cell sedimentation rate to that of G1 cells proved suf

ficiently constant to be used to obtain reproducible frac-

tions enriched in G1 • 

phases, respectively. 

G
1 

early s~ s~ late s-G
2

r1, and G2H 

Speed decrements were calculated by expressing the 

relationship between rotor speed (W), counterflow rate (F) 

and relative sedimentation rate (RS) as 

1,1"" k ( F I R s ) 1/ 2 

where k has been determined empirically to be 1.93 for NMuLi 

cells, W is in units of thousands of revolutions per minute 

(KRPM) 1 F is in ml/min 1 and RS is in mm/hr equivalent at 

unit gravity. To apply the model, the sedimentation rate of 

the G1 cells was determined for a fixed flow 

highest rotor speed at which the optical 

rate at the 

transmittance 

dropped below 0.6 at 600 nm, corresponding to about 3,000 

cells/ml. These cells were assigned a relative sedimenta-

tion rate (RS) of 1.0. and subsequent rotor speed settings 
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ate f om ng th RS va ues 

covering a given desired range, typically 1.0 - 1.2, 1.9 

nd 2. for enrichment of l 

e p ctiv ly. The v lu were und to wo k be t 

when 600 800 million ells vJe loaded, and to :requir 

adju tm nt or diff rent sampl sizes. 

DNA hi tograms of the pa ent and elut iated popula ion 

t d in typical un are shown in Figu e Thesr::~ 

plated upon oll tion, and each of the di ~· 

e nt c 1 y le phase enriched fractions bowed movement 

in he cell y le wi hin 6 hrs post seeding 

Population doubling times f r the replated cells were abou 

the sam a for non elutriated NMuLi cells in hese culture 

conditions: 14-16 lHSo The particular replate experiment 

for which this elutriation was done required a very large G
1 

enri hed sample population. and we consequen ly chose to 

sacrifice some synchrony in order to collect enough cells. 

Other r ns have yielded virtually pure G
1 

NMuLi eel s from 

In a te t of he stability of this method, parallel 

b a t he s f r 01n the same p a :r en t c e 11 pop u 1 a t 1 on '" e r e · run a t t 111 o 

dif rent counterflow rates (15 ul/rnin and 25 ml/m:ln). 

Fr ons t1le e collected at the same relative sedimentation 

te in each case, and their DNA histograms showed them to 

b virtually id ntical n cycle phase enrichment. indicating 

that the me hod ts independent of flow rate fo thi.s ell 

June 10, 1930 
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system 

When elutriated cells were reseeded in fresh medium 

containing fresh serum the cells moved through the cell 

cycle as demonstrated in Figure 4. The DNA histograms of 

cells harvested at various times afte reseeding showed com-

plex kinetics. The cells in the Sl fract on (containinE 

mostly G 
1 cells) moved through S with biphasic kinetics. 

Initially cells moved into S with a broad distribution fol-

lowed at 0 hr by a wave of cells moving out of c 1 • Elutri-

ated fractions S4, S5~ and S6 contained fewer G1 cells than 

Sl; and cells from these fractions did not exhibit biphasic 

kinetics. Cells from the Sl fraction had become asynchro-

uous in their growth by 23 to 28 hrs; whereas. cells from 

the other fractions maintained some degree of synchrony even 

after 2 generations. 
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D SCU S ON 

If biological cells we e spherical in shape, they would 

obey Stokes• Law, i.e 

sv•(2/9)x(g/n)x(d nsdif)r 2 

where sv • sedimentation velocity (absolute). g - gravita

tional or centrifugal force, n • viscosity of the mediua, 

densdif (particle d nsity medium density). and r 

icle rad1us. this relatlon~ one would predict that 

ells pos e s1ng a given volume (at the same d nsity) lt!O u 1 d 

sediment at about 1.6 times the rate of cells pos~essing 

half that volume. In our system th~ G2 M c.ells are sediment-

ing at 2.5 to 2.7 times the rate of G1 cells. The fact that 

we find G
2

M cells sedimenting at rates far greater than 

Stokes' Law would allow can be accounted for by any cr all 

of the following reasons: 

1) Shape, 

cells, 

surface roughness and deformability of 

and hence their hydrodynamic 1 differ 

greatly from those of rigid spheres. 

2) Short-term aggregation of cells within the charnbe 

may result in different hydrodynamic drag f rces 

acting upon them. 

3) Viscosity of the medium in the separa ion chamber 

i s a f u;n c t i o n o f the number of cells/ml in the 

chamber. among other factors. 

The raost likely explanation for our results 1 s that: 

June 10, 1980 
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biological •cells do not behave as rigid sphere • 

The persistent presence of c 1 cells in all cell frac

tions implies that there is a wide variation in sedimenta 

tion rate among G1 cells. This phenomenon can probably be 

extrapolated to cells in all phases of the cell cycle Very 

little is known about the hydrodynamic properties of roam

mali n cells and essentially nothing is known about how 

these properties vary throughout the cell cycle. Scanning 

electron microscopy studies have indicated that the surface 

of cells is very complex and that structures such as micro

villi and blebs do appear and disappear throughout the cell 

cycle(Porter» Prescott, and Frye (1976)). In view of these 

complexities it is not surprising that such complex cells as 

mouse liver epithelial cells have not been sorted into 

discrete cell cycle phases by elutriation. Our observation 

that greater synchrony can be achieved by elutriating in the 

cold probably relates to the reduced dependence of the 

hydrodynamic nature of the cells on the surface architec

ture. 

Cell kinetics after reseeding the elutriated fractions 

indicated very little damage caused by the process. A com

parison of the data from fractions containing mostly G1 

cells with the fractions from later in the cell cycle allows 

us to speculate on how cycle progression is regulated. The 

biphasic nature of the movement of the fraction enriched in 

c 1 suggests that these cells obey the transition probability 

June 10~ 1980 



model for ~ell cycl regulation(Smith d Hart n (1973); and 

Brooks. Bennett. and Smith (1930)). The Sl fraction con 

tained cells with G 
1 

DNA content that vle re progressing 

th ough G 
1 to s as ~tJe 11 as cells that were in a non 

proliferative statee As has been described by Brooks et al. 

(1980). these non-proliferative cells when reseeded into 

m dium containing high serum would begin to proliferate with 

a long lag for entrance into s. Thus. the biphasic kinetics 

would be created by the immediate novement of proliferating 

cells award and through S followed by the later movement of 

stimulated cells. 

The lack of such complex kinetic~ in populations con 

taining few G1 cells probably reflects the lack of a random 

transition step in the S, c 2 • or M phases of the cell cycle 

for these cells. It is also of interest that cells sorted 

into s. c2 • or X naintain synchrony longer than G1 sorted 

cells. Even though all of these populations have passed 

through c 1 which contains the random transition step (Brooks 

et al. (1980)). The high serum level used in the reseeding 

can not explain totally the relative decay in synchrony 

since the Sl fraction was also seeded in high serum. The 

faster decay in synchrony for cells in this elutriated frac-

tion may be due to such things as a faster utilization of 

serum components by cells stimulated from non-proliferation, 

or a "meJ:J.ory 11 by .cells such that cells recently stimulated 

from non~proli.feration are more likely to re-enter the 

proliferative state (G ). 
0 

June 10, 1980 
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Several improvements in the instrumentation 

greatly facilitate the use of elutriation in cell cycle 

(25 Dl/min) counterflow kinetic studies. vle used a high 

ate to allow a correspondingly higher rotor speeds. For 

NMuLi cells the rotor speeds were typically 1.4 to 1.7 KRPM. 

We p efered these higher rotor speeds because at lower rotor 

speeds reproducibility and stability of the Beckman J-21 

centrifuge speed control drops considerably resulting in 

nhunting" by the servo speed control with consequent 

improper removal of cell populations from the separation 

chamber. Also, better servo regulation of counterflo~ rate 

would stabilize against flow variations due to resista~ce 

differences along the "dispose" versus the 11 collect" 

branches of the system (see Figure l) and those arising dur

ing the separation due to removal of cells from the chamber 

(and consequent viscosity change). The present method is 

insensitive to the total loaded sample size because of the 

arbitrary setting of its detection threshold ·to 0.6 

transnission through the spectrophotometer. 

draw backs: 

When large sample populations (>5 X 

This has some 

10 7 cells) are 

loaded9 some level of leakage of cells fro~ the rotor 

is always present, thus making ambiguous the identifi-

cation of the rotor speed which corresponds to the 

first G1 cells. Some of this ambiguity would be elim

inated by the use of an estimate of the total size of 

the loadeJ population, and by defining G1 cells to be 

June 10. 1980 
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those, whlch began to exlt after the first n% of the 

total have been removed: n could be determined 

ally for each cell line. 

empiri-

Also, sine r plating is often involved as a subsequent 

it would be highly desirable to know what rotor-speed 

decrement will result in a given desired number of cells 

em nat1ng from the rotor, so that plating density require 

ment can conveniently be met. The method could perhaps be 

based on the spectrophotometer reading, with some form of 

predictor-corrector scheme tised to start decreasing rotor 

speed, and cease decrementing when the appropriate number of 

cells has exited 

June 10. 1980 



CONCLUSIONS 

We have developed a reproducible scheme for selecting 

partially synchronous subpopulations of the mouse liver 

epithelial cell line, NMuLi, using centrifugal elutriation 

in conjunction with a model relating relative sedimentation 

rate to cell cycle phase. The method produced population 

fractions enriched in distinct cycle phases froQ an ini 

tially asynchronous pre-elutriated population, and the frac

tions show neither loss of viability nor major perturbation 

in their progression through the cell cycle. Improvements 

are to be expected in operational technique and in predic

tive modeling of the relation between cell cycle phase and 

absolute or relative sedimentation velocity for the cells in 

question. 

ACKNOWLEDGEMENTS 

We wish to gratefully acknowledge the generous support 

and advice extended to us by Dr. Robert Grabske of Lawrence 

Livermore Laboratory. who was vitally helpful in the ini~ 

tial design and debugging of our elutriation system. In 

addition, thanks are due to Benjamin Gordon and to Wallace 

Irwin of our laboratory for their valuble assistance in the 

design of plumbing and other practical aspects of this pro-

ject. We would also like to thank Dr. Leonard Ornstein for 

his valuble cooments and critical reading of this 

June 10, 1980 



- 1 

manus ript., Finally. we express our deep appreciation to 

Mr. Cees DeGroot and to Mr. Richard O'Brien of our labor a~ 

tory, whose design and construction talents were vital to 

the sterile transfer assembly and collection elements of our 

elutriation system. 

This research was supported by the Division of lliomedi

cal and Environmental Research. United States Department of 

Energy, under contra t Number W-7405-ENG 48. 

June 10, 1980 



~ 18 -

RI:FERENCES 

1. Becker, J. F., & Bartholomew, J. c. (1979) Aryl hydro
carbon hydroxylase induction in mouse liver cells -
relationship to position in the cell cycle. Chern. 
- B i o 1 • I n t e r a c t i o n s _2 6 , 2 5 7 • 

Brooks, R. F., Bennett, 
Mammalian cell cycles 
Cell , 493. 

D. C. ~ 

need 
& Smith, J. A. (1980) 
two random transitions. 

3. Crissman, H. A., & Steinkamp, J. A. (1973) Rapid simul
taneous measurements of DNA, protein, and cell volume 
in single cells from large mammalian cell populations. 
J. Cell Biol. 766. 

4. Holm, D. H., & Cram L. S. (1973) An improved flov1 
microfluorometer for rapid measurement of cell fluores
cence. Exptl. Cell Res. 105. 

5. Kraemer, P. 11., Petersen, D. F., & Van Dilla, H. A. 
(1971) DNA constancy in heteroploidy and the stem line 
theory of tumors. Science 714. 

6. Heistrich~ N. 1., Heyn, R. E., & Barlogie, B. (1977) 
Synchronization of mouse L-P59 cells by centrifugal 
elutriation. Exptl. Cell Res. lQi. 169. 

]. Hitchell, B. F., & Tupper, J. T. (1977) Synchronization 
of mouse 3T3 and 3V40 3T3 cells by way of centrifugal 
elutriation. Exptl. Cell Res. 106, 351. 

8. Mitchison, J. M. (1971) Biology of the Cell Cycle Cam
bridge University Press, London. 

9. Owens • R. B. , Sm :1. t h, H. S. , Hackett , A. J. ( 19 7 4) 
ithelial cell cultures fron normal glandular tissue 

of mice. J. Natl. Cancer Inst. 261. 

10. Porter, K., Prescott, D., and Frye, J. (1976) Changes 
in surface morphology of chinese hamster ovary cells 

11. 

during the cell cycle. J. Cell Biol. 815. 

Smlth, J. A., & Hartin, 1. 
Proc. Natl. Acad. Sci. USA lQ, 

(1973) 
1 26 3. 

June 10, 1980 

Do cells cycle? 



FIGURE LEGENDS 

1. Schematic Diagram of Elutriation Centrifugation System. 

2. Sterile Transfer Device. To transfer cells from the 
lut iator (sterile system I) to a collection vessel 

(sterile system II) 1 the two serum capped units are 
forced together and the needle driven through both caps 
by downward pressure on the inner tube of the sliding 
barrel unit. Aspirating needles maintain constant 
pressure during the transfer procedure. After 
transfer, the inner tube is withdrawn while the caps 
are still pressed together so that no contact occurs at 
any time between the needle and the atmosphere (patent 
applied for). 

3. Cell Cycle Distributions After Elutriation of a Growing 
Population. Original population (upper left) was 
sorted into 8 collected fractions at the relative sedi
mentation (RS) rates indicated. RS a 1.0 was assigned 
to the first cells leaving the rotor (details given in 
text). 

4. Kinetics of Cell Cycle Transit of Elutriated Fractions. 
NlluLi cells after elutriation were seeded in fresh MEM 

containing 20% donor calf seruc. Samples were har
vested beginning 6 hrs after seeding and prepared for 
analysis of cell cycle distribution by flow cytometry. 
The numbers in the upper right corner denote tl1e ti~e 

in hours after seeding that the sample was harvested. 
Sl 1 S4, 55 1 and 86 are the same as in Figure 3 and 
refer to the elutriation fraction. All DNA histrograms 
are normalized to the same area and G

1 
peak position. 
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